We consider extensions of the next-to-minimal supersymmetric model (NMSSM) in which the observed neutrino masses are generated through a TeV scale inverse seesaw mechanism. The new particles associated with this mechanism can have sizable couplings to the Higgs field which can yield a large contribution to the mass of the lightest CP-even Higgs boson. With this new contribution, a 126 GeV Higgs is possible along with order of 200 GeV masses for the stop quarks for a broad range of tan β. The Higgs production and decay in the diphoton channel can be enhanced due to this new contribution. It is also possible to solve the little hierarchy problem in this model without invoking a maximal value for the NMSSM trilinear coupling and without severe restrictions on the value of tan β.
Introduction
The ATLAS and CMS Collaborations at the Large Hadron Collider (LHC) have independently reported the discovery [1, 2] of a particle with production and decay modes that appear more or less consistent with the Standard Model (SM) Higgs boson of mass m h ≈ 126 GeV. In addition to the Higgs discovery, both experiments reported an excess in Higgs production and decay in the diphoton channel, around 1.4 − 2 times larger than the SM expectations. The statistical significance of this apparent deviation from the SM prediction is at present not sufficiently strong to draw a definite conclusion, but if confirmed in the future, it will be clear indication of new physics around the electroweak scale. These results nevertheless serve as strong motivation to investigate possible extensions of the SM where a possible signal in the diphoton channel could be enhanced compared to the SM.
The minimal supersymmetric standard model (MSSM) [3] can accommodate values of m h ∼ 126 GeV, but this requires either a very large, O(few − 10) TeV, stop quark mass [4] , or a large soft supersymmetry breaking (SSB) trilinear A-term, with a stop quark mass of around a TeV [5] . Such a heavy stop quark leads to the so-called "little hierarchy" problem [6] because, in implementing radiative electroweak symmetry breaking, TeV scale quantities must conspire to yield the electroweak mass scale.
On the other hand, in the next-to-minimal supersymmetric standard model (NMSSM), the Higgs mass can be raised significantly through a tree level contribution to the Higgs potential [7] . Therefore, the NMSSM can alleviate the little hierarchy problem, and a 126 GeV Higgs mass can be realized with less fine-tuning. In Ref. [8] it was shown that in order to accommodate a 126 GeV Higgs mass with only a few percent fine-tuning, the NMSSM is pushed to the edge of its parameter space, with tan β 2 and λ ∼ 0.7. Here tan β is the ratio of the vacuum expectation values (VEVs) of the up (H u ) and down (H d ) MSSM Higgs doublets. The parameter λ is the dimensionless coupling associated with the interaction H u H d S, where S is a MSSM gauge singlet field. Note that assuming non-universal gaugino masses at the GUT scale, one can also alleviate the little hierarchy problem [9] , but we will not discuss this possibility in this Letter.
Furthermore, in the framework of the NMSSM, Higgs production and decay in the diphoton channel can be enhanced with respect to the SM prediction due to the doublet-singlet mixing in the Higgs sector [8, 10] . It has been shown that to comply with the ATLAS and CMS results, a large stop mass still cannot be avoided. Besides, the couplings (λ, κ, y t ) are all of O (1) at the GUT scale, which are close to the Landau pole. 4 Here κ is the dimensionless coupling corresponding to the S 3 interaction and y t is the top Yukawa coupling.
Inspired by recent studies on the NMSSM and the results from ATLAS and CMS, we consider an extension of the NMSSM which has previously been used to explain the origin of neutrino masses. In Ref. [12] , in particular, it was shown that in the NMSSM the observed neutrino masses and mixings can be described in terms of dimension six, rather than dimension five, operators. All such operators respect the discrete Z 3 symmetries of the model. The new particles associated with the inverse seesaw mechanism [13] can have sizable couplings to the Higgs boson, even with the seesaw scale of around a TeV. This, as we will show, enables the Higgs boson mass to be 126 GeV, without invoking sizable contributions from the stop quark as well as keeping the λ and κ couplings relatively small. With relatively light stop quarks in the spectrum one can enhance the diphoton production relative to the SM prediction [14, 15, 16] .
The layout of this Letter is as follows. In Section 2, we briefly summarize the NMSSM and the upper bound on the lightest CP-even Higgs boson mass. In Section 3.1 we present the NMSSM with inverse seesaw mechanism for the neutrinos. In this section a SM gauge singlet field is introduced to generate dimension six (and seven) operators for the neutrinos. We discuss how the inverse seesaw mechanism affects the upper bound on the lightest CP-even Higgs boson mass. In Section 3.2, the inverse seesaw mechanism is generated through an SU (2) L triplet field and its impact on the Higgs mass is also considered. Our conclusions are summarized in Section 4.
Higgs Boson Mass in MSSM and NMSSM
The NMSSM is obtained by adding to the MSSM a gauge singlet chiral superfield S (with even Z 2 matter parity) and including the following superpotential terms:
where λ and κ are dimensionless constants, and H u , H d denote the MSSM Higgs doublets. A discrete Z 3 symmetry under which S carries a unit charge ω = e i2π/3 is introduced in order to eliminate terms from the superpotential that are linear and quadratic in S, as well as the MSSM µ term. We also need the Z 3 symmetry to forbid dangerous tadpole terms in the potential which can revive the gauge hierarchy problem in the theory. On the other hand, once the S field develops a VEV, the Z 3 symmetry is spontaneously broken which can cause the domain wall problem. In order to circumvent this problem, as pointed out in Ref. [17] , suitable higher dimensional operators can be introduced in the superpotential which explicitly break the Z 3 symmetry, thereby lifting the degeneracy between three discrete vacua. Note that these
, where M P l denotes the Planck mass, are quite different in form from the effective seesaw operators which we will discuss in this Letter.
The higher dimensional operators which generate neutrino masses are Z 3 invariant.
In order to assign the Z 3 charges we require the presence of Yukawa couplings at the renormalizable level. There are several possible Z 3 charge assignments for the matter superfields presented in Ref. [12] that are consistent with this requirement. We consider those cases (see Table 1 ) which lead to the dimension six (inverse) seesaw operator for neutrinos. Later, we will briefly discuss the dimension seven seesaw operators and their implications for the Higgs boson mass. We employ the standard notation for the superfields in Table 1 . Family indices are omitted for simplicity.
A t is the top trilinear soft term, and S denotes the vacuum expectation value (VEV) of the singlet field. Also, g 1 and g 2 denote the U (1) Y and the SU (2) L gauge couplings, M t = 173.2
GeV is the top quark pole mass, M S = √ mt L mt R denotes the SUSY scale, andt L andt R are the left and right handed stop quarks. Notice that we assume tan β < 50, since for larger tan β values there can be additional contributions in Eq. (3) which may reduce the Higgs mass [7] . An approximate error of ±3 GeV in the Higgs mass calculation is assumed, which largely arises from theoretical uncertainties [19] and simplifications in the calculation of the Higgs mass formula in Eq. (3). The upper bound on λ at the weak scale depends on tan β. In general, it cannot be greater than ∼ 0.7, if we require that λ remains perturbative up to the M GUT scale [18] .
Note that the main difference in the expression (see Eq. (3)) for the lightest CP-even Higgs mass between the NMSSM and the MSSM theory is the term 2λ
. Therefore, the maximum value of the lightest CP-even Higgs mass in the NMSSM is obtained for smaller value of tan β.
In Figure 
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NMSSM + Gauge Singlet field
As shown in Ref. [12] , one can incorporate the observed solar and atmospheric neutrino oscillations in the NMSSM by introducing an effective dimension six operator for neutrino masses and mixings. The simplest way to generate this operator is to introduce the gauge singlet chiral superfields (N c n + N n ) in the NMSSM with charges listed in Table 2 . This charge assignment corresponds to the so-called case I in Table 1 . It is straightforward to find the Z 3 charge assignments for N c n + N n for other cases given in Table 1 , but this will not lead to any new phenomena compared to case I. Because of this we will not consider here the other cases presented in Table 1 . Since the new chiral superfields are gauge singlets, they will preserve gauge coupling unification which is one of the nice features of supersymmetry. Table 2 : Charge assignments of N c n + N n superfields for case I. Here ω = e i2π/3 , n denotes the number of gauge singlet (N c n + N n ) pairs, and Z 2 is matter parity.
The renormalizable superpotential terms involving only the new chiral superfields are given by
Here i runs from 1 to 3 and denotes the family index, while n and m denote the number of pairs of new fields which we consider, and can be from zero (just the NMSSM case) up to 3. For m nm larger than the electroweak scale, we can integrate out the N c n and N n fields and generate the effective non-renormalizable operators for neutrino masses presented in Eq. (2) . Following the electroweak symmetry breaking, the neutrino Majorana mass matrix is generated:
For simplicity, we take m ij = M 6 δ ij , Y N ≡ y ij , and (λ N ) ij = λ N δ ij . v u is the VEV of the H u Higgs doublet and S , the VEV of S field, is around the TeV scale. From Eq. (5), the additional contribution to the lightest CP-even Higgs mass is given by
where
and
A Y N is the trilinear N c − L soft mixing parameter and n is the number of pairs of new singlets. v = 174.1 GeV is the electroweak VEV. Note that the expression in Eq. (5) is very similar to what was presented in Ref. [21] .
To see how these new, (N c n + N n ), singlets can affect the lightest CP-even Higgs mass, we plot the upper bounds on the lightest CP-even Higgs mass versus tan β for n = 1 and 3 in Figure   2 . We choose M S = 300 GeV for all cases in order to minimize the stop quark contribution to the Higgs boson mass. In order to show how small the coupling λ can be, we consider the case with λ = 0.1, M S = 300 GeV and Y N = 0.7. The main reason for choosing λ = 0.1 is that in this case the contribution from λ to the lightest CP-even Higgs mass is negligible, and the results are applicable to the MSSM case as well. Figure 3 shows the upper bounds on the Higgs mass versus tan β for varying numbers of N c n + N n pairs. Note that in order to reproduce the neutrino oscillation data, we need to introduce at least two pairs of N c n and N n . However, for completeness, we have shown the bounds with n =1, 2 and 3 in Figure 3 . We can see from Figure 3 that in the MSSM and NMSSM, an inverse seesaw can make it very easy to generate m h = 126 GeV. In this case we do not require very heavy stop quarks, or large value of λ, or a very restrictive value in the NMSSM of tan β ≈ 2 . Table 3 presents upper bounds on the Higgs masses for varying numbers of (N c n + N n ) singlets. n = 0 corresponds to NMSSM/MSSM without inverse seesaw. The Higgs mass has been calculated using the input values tan β = 30, λ = 0.1, X t = 6, X Y N = 4, Y N = 0.7 and M S = 300 GeV.
As mentioned above, in order to have realistic neutrino masses and mixings, with TeV scale effective dimension six operators, we need to adjust the values for λ N in Eq. (6) . It turns out that λ N should be order of 10 −9 or so, which is possible but appears not natural. This can be resolved if we consider Z 3 charge assignment which allows dimension seven as the lowest possible operator for generating neutrino masses. One example of such a charge assignment is Table 3 : Higgs masses for varying numbers of (N c n + N n ) singlets, with n = 0 corresponding to NMSSM/MSMM. The Higgs mass has been calculated using the input values tan β = 30, λ = 0.1, Y N = 0.7, X t = 6, X Y N = 4 and M S = 300 GeV. presented in Table 4 .
The relevant part of the renormalizable superpotential involving only the new chiral superfields is given by
For simplicity, we set m nm = m nm = M 7 δ nm , (λ N ) nm = λ N δ ij and Y N ≡ Y nj . Integrating out the new heavy chiral field and following the electroweak symmetry breaking, the light neutrino Majorana mass matrix is generated: Table 4 : Z 3 charge assignments of the NMSSM with additional new superfields which correspond to dimension seven as lowest effective operator for neutrino masses. The new fields have Z 2 matter parity and ω = e i2π/3 .
We can see from this formula that the upper bound for seesaw scale is M 7 ∼ 10 6 GeV, assuming all Yukawa coupling in Eq. (10) λ N is more natural compared to the dimension six case. Comparing Eq. (11) to Eq. (5), we can see that we have identical contributions to the lightest CP-even Higgs mass for effective dimension six and seven cases.
Having low (∼TeV) scale for the inverse seesaw mechanism clearly makes the model accessible at the LHC. In Ref. [22] it is shown that regions of the parameter space of the inverse seesaw model can be tested at the LHC, while Ref. [23] shows that lepton flavor violation imposes strict constraints on these models.
NMSSM+Triplets
As pointed out in Ref. [12] , another way for generating the dimension six operator is to introduce SU (2) L triplets with zero (∆ c 0 +∆ 0 ) or with unit (∆ c n +∆ n ) hypercharge. It was shown in Ref. [12] that two pairs (n = 1, 2) of (∆ c n + ∆ n ) are needed in order to generate the effective dimension six operator for inverse seesaw mechanism. We will consider the case involving only (∆ c n + ∆ n ) as the additional fields. As an example we choose the charge assignments for the NMSSM fields shown as case I in Table 1 . Accordingly, in order to generate effective dimension six operators (see Eq. (2)) for the light neutrinos, the Z 3 charges for (∆ c n + ∆ n ) fields are fixed, as given in Table 5 . The additional contributions to the NMSSM superpotential in this case contain the following terms (12) where Y ij , Y Hu and λ N are dimensionless Yukawa couplings and m 1 , m 2 are mass parameters. It is interesting to note that the interactions (H d ∆ n H d ) and (H d ∆ n H d ), which can give significant contributions to the CP-even Higgs mass [24] , are forbidden by Z 3 or U (1) Y symmetry. The coupling Y H (H u ∆H u ) in Eq. (12) will generate a tree level contribution to the lightest Table 5 : Charge assignments of (∆ n + ∆ n ) superfields, where n = 1, 2. ω = e i2π/3 and Z 2 is matter parity.
CP-even Higgs boson mass given by [24] 
We assume tan β 50 since for larger tan β, there will be additional contribution in Eq. (13) which can reduce the Higgs mass [7] . To show the impact of (∆ n + ∆ n ) on the lightest CP-even Higgs mass, we plot in Figure 4 the upper bounds on the Higgs mass versus tan β. Notice that we can use a triplet with zero hypercharge to generate the inverse seesaw operator. In this case the superpotential looks exactly the same, with (∆ c 0 + ∆ 0 ) replacing (N c n + N n ). The result will be similar to what we presented in section 3.1 when we consider 3 pairs of (N c n + N n ). Given this similarity we do not extend our analysis to the case of an SU (2) L triplet with zero hypercharge.
The low scale triplet model has a very nice feature. A light triplet not only helps generate the inverse seesaw mechanism and provides significant contribution to the CP-even Higgs boson mass, it also contributes to the enhancement of the Higgs production and decay in the diphoton channel. In order to have a sizable effect on the diphoton production, the coupling involving the triplet and the Higgs doublets has to be large [25] , which makes the coupling non-perturbative below the Planck or GUT scale. On the other hand, as was shown in Ref. [12] , we need one pair of SU (2) L triplets with zero hypercharge or two pairs of triplets with unit hypercharge. In both cases at least one of the gauge couplings becomes non-perturbative below the GUT scale.
However, if the theory is still valid near the Landau pole all couplings will become large through the two and higher loop renormalization group equations (RGEs). The couplings can effectively merge together and we can have non-perturbative unification [26] . Another attractive feature of the light triplet extension of the NMSSM (MSSM) spectrum is that it can help resolve the little hierarchy problem [27] with a Higgs mass of around 126 GeV.
Conclusion
Following Ref. [12] , we consider extensions of the next-to-minimal supersymmetric model (NMSSM) in which the observed neutrino masses are generated through TeV scale inverse seesaw mechanism. We have shown that the new particles associated with the inverse seesaw mechanism can have sizable couplings to the lightest CP-even Higgs field which can yield a large contribution to its mass. This new contribution makes it possible to have a 126 GeV Higgs with order of 200 GeV stop quarks mass and a broad range of tan β values. This can be exploited to enhance the Higgs production and decay in the diphoton channel as well.
